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Overview

Progess in charm physics emerges from larger and larger samples.

Fully reconstructed open charm samples have increased by
more than a factor of a million in the past 30 years.
To provide context, I will quickly review part of the history of
measuring mixing and CP violation parameters in the neutral
D-meson system.
The LHCb experiment has collected the largest samples of
reconstructed charm, and is poised to increase its statistics by
two orders of magnitude in the next 10 years. Doing so
requires a new trigger strategy.

The LHCb trigger for exclusive charm worked very well in Run 1.

Moving into Run 2, the LHCb High Level Trigger (HLT) has been
substantially re-engineered.

In the upgrade era, the hardware level trigger will be removed and the
HLT will need to do much more work.
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From Fermilab Experiment E516
using a “recoil” trigger

VOLUME 52, NUMBER 6 PHYSICAL REVIEW LETTERS 6 FEBRUARY 1/84
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Results are presented from an experiment observing photoproduction of the D* at a
mean energy of 105 GeV. Clean signals are seen for the decay D*~ &~D with the D
decaying into both, K+&~ and K +z~z . Analysis of the Dalitz plot for the Ezz mode gives
branching fractions for K p+, K * ~+, and K* 7I- final states.

PACS numbers: 14.40.Jz, 13.25.+ m, 13.60.Le

The nonleptonic weak decays of the charmed
mesons have been the subject of much experi-
mental and theoretical effort. One important
question is whether the ratios of branching frac-
tions for the various two-body and quasi-two-body
D decay modes (Kn, Kp, and K*v) are consistent
with an I= —,

' final state, which is expected if the
decay is dominated by 8' exchange. ' We report
the results of an experiment using the tagged pho-
ton spectrometer at Fermilab which observed the
decay D*'- &'D with the D decaying into both
K v' and K v'v'. (The charge-conjugate states
are implicitly included in all decay modes. ) The
K m'm sample represents the largest reported
to date, and it was used to measure the branching
ratio for the Kp and E*r modes, as well as that
for nonresonant K r'w' decay.

The D* events were produced by tagged photons
of energy between 60 and 160 GeV, generated by

a 170-GeV electron beam in a 0.2-radiation-
length copper radiator. The tagged photons im-
pinged on a 1.5-m liquid-hydrogen target, which
was placed at the front end of the spectrometer
shown in Fig. 1.' Recoil protons were measured
and identified in the recoil detector, ' and the
missing mass of the forward state was computed
by a very fast data driven processor. ' The trig-
ger demanded that the recoil system detect either
a single proton at the primary vertex with a high
missing mass or at least three charged tracks.
The forward charged particles were analyzed
with drift chambers and two magnets of large
aperture, with a momentum resolution for fast
tracks of ~/P =0.004+0.005P/(1 GeV/c). Two
multicell Cherenkov counters identified charged
tracks, separating pions from kaons in the mo-
mentum range 6-36 GeV/c. Photons were de-
tected either in the forward segmented liquid
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FIG. 2. &Af=llf~~~~ -M~„~ for events with ME- ~+ „0
within 50 Mev/c of the Do. The smooth curve is a fit
to the background of the form described in the text.

kov cuts and with Mz-, +,o within 50 MeV/c' of the
D' mass. Figure 2 shows the 63' spectrum for
these events, with a clear peak at b, M=0.1454
GeV/c'. To obtain a clean sample for this analy-
sis the 82 events with ~ between 0.1440 and
0.1470 GeV/c' were selected; a fit to the ~
spectrum determines the background to be 45%
in this region. The Dalitz plot for these events
is shown in Fig. 3(a). A high-statistics back-
ground sample was constructed by taking events
in the D' mass range but with 2&I outside the D*
range. (The D' fraction for these events is small. )
The Dalitz plot for this sample, shown in Fig.
3(b), gave a good fit to uniform phase space
times an efficiency which depended linearly on
M'(K &'), because of the energy dependence of
the & efficiency. We also examined this back-
ground for p and K* and found that it was consis-
tent with no contribution from these vector mes-
ons. We made a maximum-likelihood fit to the
Dalitz plot from the D* region, allowing a flat
background with the acceptance correction as for
the background, plus resonant contributions from
K p', K* m', and K*-r . Each vector meson
was described by a Breit-Wigner form with the
appropriate decay angular distribution. Interfer-
ence effects are small compared with the quoted
errors, and were neglected. The results are
shown in Table I. Only in the E p' mode is there
evidence of a strong resonant contribution. We
note that the cos'6 distribution for the p- && de-
cay means that the p band is populated primarily
at the edges of the Dalitz plot. (Here 9 is the
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FIG. 3. The Dalitz plot for (a) the D region and (b)

the background sample. The boundary is drawn for
the center of the E. 7t-+7t. mass range.

Channel

Fraction of
D0-~ ~+~0

decays

Branching
ratio
(%)

K p+

EY
—g0 0

+

Nonresonant decays

0 3j+0, 20
-0 14

0 p6+0 ~ 09-0.06

p y y+0 ~ 12-0.08

0.51+0.22

32 - f. 8

09" 4
~ -0, 9

3 4+3. 9
~ -2. 8

5.2 +2.9

TABLE I. Contributions to D g 7t+~ decay from
the results of the fit to the D R 7i+~ Dalitz plot.
The category "nonresonant decays" does not include
the contribution to the Dalitz plot from background be-
low the D . The branching ratios quoted depend on
the value B(D K ~+) = (2.4+0.4)% for their normali-
zation; the errors are dominated by the statistical
errors in the present experiment, however.

We reported the signal above
background to be 39± 8
events, almost 5σ.
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Search for Mixing, From Fermilab Experiment E691
very open ET trigger: no mixing or DCS signal, 611 RS Kπ with td > 0.22 ps

VOLUME 60, NUMBER 13 PHYSICAL REVIEW LETTERS 28 MARcH 1988
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We present a study of D mixing using events of the type D*+~ n+D, with D ~ K+n and

D K+x m+x . The decay time is used to separate mixing from doubly Cabibbo-suppressed decays.
We observe no evidence for mixing in either mode. Combining the results from the two decay modes, we

find r~ 0.0005+ 0.0020 or r~ &0.0037 at the 90% confidence level, where r~ is the ratio of wrong-

sign decays from mixing to right-sign decays. We also present limits on doubly Cabibbo-suppressed de-

cays and consider the effect of possible interference.

PACS numbers: 14.40.Jz, 12.15.Ff, 13.25.+m

Particle-antiparticle mixing, such as in the KO-KO,
DO-DO, and 8 -8 systems, is a unique and sensitive
probe of the weak interaction. In the standard elec-
troweak model Do-Do mixing is expected to be much
smaller than in the other two cases. The observation by
the Mark III Collaboration' of events in which both D
mesons decay to the final state with the same sign
strangeness could be interpreted as evidence for Do-D
mixing at the 1% level. The discovery of D mixing at
this level could be a signal of new physics.

If the events observed by Mark III are due entirely to
mixing, then r=rM-1%, where r=8(D f)IB(D

f) and r~ is the part of that ratio due to mixing.
(Here f is the usual S= —

1 final state, and f is its
charge conjugate. ) Although standard-model calcula-
tions based on the box diagram' predict D -D mixing
far below current experimental sensitivity, extensions of
the standard model or long-distance contributions,
which cannot be reliably calculated in perturbation
theory, ' could give rise to observable mixing. The in-

terpretation of hadronic D decays with wrong strange-
ness (Do K+tt, for example) is complicated by the
presence of doubly Cabibbo-suppressed decays (DCSD).
The rate for such process is expected to be
-tan Hp-0. 3%, but might be significantly enhanced in

particular hadronic final states.
This Letter presents results from an analysis of the full

data sample of a Fermilab photoproduction experi-
ment. 7 Using a high-precision vertex detector in the
Tagged Photon Spectrometer, we observe large samples

of D + D tt+ (K tr+)tr+ and D + D tt+

(K tr+tt tr+)tr+ and charm-conjugate events,
which have exceptionally low background. We search
for mixing in the sample of D events with wrong sign,
that is, the wrong combination of charge and
strangeness: D + Dost+ (K+tt )st+ or (K+tt
tt+tt )tr+. The charge of the pion from the D decay
tags the charm quantum number of the Do at produc-
tion. The proper time of the decay is used to separate
mixing from DCSD.

The events are reconstructed in a silicon-microstrip-
detector-drift-chamber tracking system and Cerenkov-
counter information is used to identify particles. The
charmed-particle decay tracks are required to form a
vertex with a good X2. In the analysis of the Ktt channel
we search for a primary vertex that lies within a trans-
verse distance of 80 p.m of the line of the flight of the Do
candidate and require that it either contain the bachelor
pion (i.e., the pion which accompanies the D ) or lie
close to the projected position of the bachelor-pion track.
We reject the event if more than one extra track has an
impact parameter which is less than 80 Itm with respect
to the secondary vertex.

The Ktttttt candidates are subjected to slightly more
stringent cuts to reduce the larger combinatorial back-
ground. We require the primary vertex to lie within 65
Itm of the line of flight of the D and demand that the
bachelor pion pass through the primary vertex. The
event is rejected if any extra track passes within 80 Itm
of the charm decay vertex, or if any track in the secon-

1988 The American Physical Society 1239
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Search for Mixing, From Fermilab Experiment E791
open ET trigger: no mixing or DCS signal, 5643 RS Kπ & 3469 RS Kπππ.

Search for D0-D̄0 mixing and doubly-Cabibbo-suppressed decays of theD0

in hadronic final states
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We present results of a search forD0-D̄0 mixing and doubly-Cabibbo-suppressed decays of theD0 in
Fermilab experiment E791, a fixed-target charm hadroproduction experiment. We look for evidence of mixing
in the decay chainD*→pD→p(Kp or Kppp). If the charge of the pion from theD* decay is the same as
the charge of the kaon from theD decay~a ‘‘wrong-sign’’ event!, mixing may have occurred. Mixing can be
distinguished from other sources of wrong-sign events~such as doubly-Cabibbo-suppressed decays! by ana-
lyzing the distribution of decay times. We see no evidence of mixing. Allowing forCP violation in the
interference between DCS and mixing amplitudes our fitted ratio for mixed to unmixed decay rates isr mix

5(0.3920.32
10.3660.16)%. This corresponds to a 90% C.L. upper limit ofr mix,0.85%. The sensitivity of this

result is comparable to that of previous measurements, but the assumptions made in fitting the data are notably
more general. We present results from many fits to our data under various assumptions. If we assumer mix

50, we find a two-sigma wrong-sign enhancement in theKp mode which we ascribe to doubly Cabibbo-
suppressed decays. The ratios of doubly Cabibbo-suppressed decays to Cabibbo-favored decays are
r dcs(Kp)5(0.6820.33

10.3460.07)% andr dcs(Kppp)5(0.2520.34
10.3660.03)%.@S0556-2821~98!01103-5#

PACS number~s!: 13.25.Ft, 12.15.Ff, 14.40.Lb

I. INTRODUCTION

The standard model predicts a rate forD0-D̄0 mixing
which is many orders of magnitude below the reach of
present experiments. Typical calculations@1# give r mix , the
ratio of mixed to unmixed decay rates, in the range 10210–
1027. In contrast, various extensions to the standard model
@2# allow a mixing rate close to the current experimental

sensitivity of 1023–1022. Consequently, a discovery of
D0-D̄0 mixing at currently measurable levels would be in-
consistent with the standard model, and would provide a
clear signal for new physics.

Experimentally, mixing is identified by a change in the
charm quantum number of the neutralD meson between its
production and decay. In the analysis presented in this paper,
the charm of the producedD is determined from the decay

PHYSICAL REVIEW D 1 JANUARY 1998VOLUME 57, NUMBER 1
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Finally, Evidence for Mixing from BaBar
very open hadronic + EM trigger: 1 141 500± 1200 RS & 4030± 90 WS Kπ
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Charm Mixing and CPV from LHCb
exclusive triggers; ≈ 54 M “right-sign” and ≈ 230 K “wrong-sign”

D0  Kπ Mixing and CPV Measurements at LHCb 
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•  Measure the WS/RS ratio in 
each of 13 decay time bins, 
separately for D0 and D0.  

Phys. Rev. Lett. 111, 251801 (2013) 
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Heavy Flavor Production: Some Characteristic Properties

high precision tracking and vertexing

RICH for particle ID

high efficiency muon detection

EM & hadronic calorimeters

Pair production is correlated; predominantly forward (backward).

→ single arm forward spectrometer, 2 < η < 5

σbb = (75.3± 14.1)µb at
√
s = 7 TeV [Phys. Lett. B694 (2010)]

∼ 0.2% of events contain bb in acceptance

σcc = (1419± 134)µb at
√
s = 7 TeV [Nucl. Phys. B871 (2013)]

∼ 4% of events contain cc in acceptance

σbb and σcc increase linearly as
√
s increases to 14 TeV. [P. Nason et al,

Nucl. Phys. B327, 49 (1989)] and [R. Nelson et al., Phys. Rev. C87,
014908 (2013)]
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Heavy Flavor Decay: Some Characteristic Properties
Key to the current trigger strategy

b-hadrons

mass: m(B+) = 5.28 GeV

daughter pT O(1GeV)

lifetime: τ(B+) = 1.6 ps

common signature: detached µµ
e.g., B → J/ψ X ; J/ψ → µµ

charmed hadrons

mass: m(D0) = 1.86 GeV

daughter pT O(0.3− 1GeV)

lifetime: τ(D0) = 0.4 ps

secondary charm from b-hadron
decay is also common
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The Run 1 Trigger, Circa 2011/2012

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
μ/μμ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHZ 
readout, high ET/PT signatures

Software High Level Trigger

29000 Logical CPU cores

Offline reconstruction tuned to 
trigger time constraints

Mixture of exclusive and inclusive 
selection algorithms
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Inclusive

Topological

5 kHZ Rate to storage
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Inclusive/
Exclusive 
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1 kHz
Muon and 
DiMuon
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The efficiency of the Hlt2 topological
n-body trigger for selected final states
when at least one track from the decay
satisfies the Hlt1 criteria. [V. V, Gligorov
and M. Williams, (20130 JINST 8 P02013]
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The Run 1 Trigger, 2012 Improvements

(i) extended Hlt1 tracking from pT > 1.7 GeV/c to pT > 1.6 GeV/c (for
hadrons),

(ii) extended Hlt2 tracking from pT > 0.5 GeV/c to pT > 0.3 GeV/c and
added Hlt2 tracking for K 0

S and Λ decays downstream of the VELO,

(iii) deployed “deferred triggering”:

added ∼ 1 petabyte of hard disk to the EFF;
stored 20% of L0 rate on disk;
processed data stored on disk through Hlt1 and Hlt2 between
machine fills.
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The Run 2 Trigger: “Fired Up and Ready to Go”

Doubled the number of physical processors (CPU cores) available in the
Event Filter Farm (EFF).

Increased the disk capacity for deferred triggering from 1 PB to 4 PB.

Run Hlt1 and Hlt2 asynchronously (Hlt2 start delayed by an hour)

Increases the effective power of the EFF ≈ 3×.
Allows Hlt2 to use calibration and alignment constants derived
from the data processed by Hlt1.

Speeded up all elements of the reconstruction software.

More complete tracking in Hlt1 and offline tracking in in Hlt2.
Almost full particle ID used in Hlt2 educes backgrounds,
especially for exclusive SCS and DCS charm; the limited
bandwidth can be used more effectively.

Hlt1 “box cuts” for single tracks replaced with MVA.

Added a secondary vertex MVA line to Hlt1.

Introducing “turbo-stream” output to reduce size of some saved events.
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Building HLT Performance Models
The moral equivalent of back-of-the-envelope calculations.

2015 Processing and Deferral Models 

•  The models considered here assume  
–  twice the 2012 computing power (50000 processors, 2012 

units) and 4 PB of disk for deferral; 
–  An Hlt1 process which will run in real time and an Hlt2 

process which will run after calibration constants are 
available, nominally an hour later. 
 

•  Four tunable knobs: 

Hlt1 time/evt 
18 ms in 2012 

Hlt2 time/evt 
200 ms in 2012 

Fraction of events 
sent to Hlt2 
8% in 2012 

Size of events  
sent to Hlt2  

(55 kB in 2012) 
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Some Models
The only numbers which count are those we encounter when running with real data.

Using the July – December 2012 Fill Model  

•  Clock week = 168 hours; 
•  Machine in fill ~ 50 hours/week; 
•  Best week, ~ 90 hours in fill; 
•  Deferral allows us to use all 168 
hours in a week if disk available 

•  Split Hlt increases effective CPU 
power by more than a factor of 2  
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Personal Thoughts and Comments
not approved by LHCb management

A useful measure of trigger efficiecny is

ε(trigger) =
# events selected

# of events fully reconstructed in offline software

In very round numbers:

ε(trigger) for charm was less than 1% in 2012.

ε(trigger) for charm will increase to O(2%) for easy D decays in 2015.

ε(trigger) for charm is conceptually limited by the need to discriminate
signal from background using separation of primary and secondary
vertices. The relevant resolution is O(40) fs.

We are losing most of our efficiency for charm to the L0 hardware trigger.

Despite improvements in Hlt1 (using both single track and secondary vertex

MVAs), we cannot afford to pass all interesting events to Hlt2. We lose a bit

more in Hlt2 because our output bandwdith is limited by offline computing

resources constraints (primarily disk space).
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Goals for the Upgrade Era
official policy: see also the talk by Chris Parkes on Friday afternoon
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Technical Design Report
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UPGRADE
LHCb

cds.cern/ch/record/1647400

Physics reach, relative to 2011:

increase data rate for muonic B decay 10×:
Linst 5×, σ(bb̄) 2×;
increase data rate for “heavy flavor decays
to hadronic final states” 20×:
Linst 5×, σ(bb̄) 2×; ε(trigger) 2×.

Implementation Strategy

increase Linst from 4× 1032 cm−2 s−1 to
20× 1032 cm−2 s−1. (Bring the beams
closer together.)
upgrade detector and increase readout from
1 MHz to 40 MHz;
eliminate L0 hardware trigger;

Michael D. Sokoloff CERN & the University of Cincinnati

The LHCb High Level Trigger 15 / 18

cds.cern/ch/record/1647400


The Upgrade Era Trigger
official policy

C
ER

N
-L

H
C

C
-2

01
4-

01
6

/
LH

C
B-

TD
R

-0
16

22
/0

5/
20

14

TDR
UPGRADE

CERN/LHCC 2014-016

LHCb TDR 16

21 May 2014

LHCb
Trigger and Online 

Technical Design Report

cds.cern/ch/record/1701361

30 MHz Inelastic collision rate

Full Software Trigger

LLT (optional)
pT of h, µ, e, γ

Full track reconstruction

Track fit
RICH particle ID
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Fast algorithms use partial
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Figure 4.1: Schematic view of the full software trigger.

The LLT is an evolution of the current L0 trigger and uses limited information from731

the calorimeters and the muon stations. It is shown in this document that a LLT will732

not be necessary, but it will be kept as backup solution. This backup could reduce the733

input rate to the software trigger by a factor of two with limited cost in physics sensitivity.734

The advantage of maintaining this LLT is that it can be rapidly deployed in the face of735

changing beam conditions, should the LHC choose a filling scheme different to that which736

we presently expect.737

The full event reconstruction reconstructs tracks with a precision very close to offline.738

Based upon this information, a trigger selection is performed that reduces the data rate739

by a moderate factor, at which point the kalman filter based track fit and the RICH based740

particle identification can be performed. The rate reduction is such that sufficient time is741

provided for the RICH ring finding algorithms as discussed in Sect. 4.4.4 . This particle742

ID information is then used to reduce the output rate to a level that can be processed by743

the offline computing.744

One possible implementation of an inclusive beauty trigger is presented in Sect. 4.5.2745

Its performance is discussed in terms of efficiency on selected signal channels, background746

33
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Challenges for the Upgrade Era
now, a personal perspective

Increasing reconstructed charm statistics 100× will require trade-offs. Today’s
paradigm cannot work given the limited computing budgets.

“We” would like to fully reconstruct all potentially interesting events in

the HLT and write out only the equivalent of today’s stripping selections.

This approach requires much more prep work.
Interesting physics will be lost through lack of foresight.

Moore’s Law suggests that CPU power will increase 5×−10× by 2020.

Higher pile-up will require more time per event, so even being
optimistic, we will have difficulty doing full reconstruction and
event selection for 2 MHz of data.

Raw-plus-reco data requires about 100 kB/event now.

100 kHz× 100 kB/evt× 4× 106 s/year→ 40 PB/year
Can we use “turbo-stream” output, perhaps removing raw
data, perhaps retaining only some reconstructed objects from
each event? Concept will be developed and tested in Run 2.
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Concluding Remarks

Fully reconstructed open charm samples have increased by a factor of
more than a million in the past thirty years.

LHCb reconstructed hundreds of millions of open charm decays in Run
1, in large part due to the excellent performance of the trigger.

The High Level Trigger has been substantially improved for Run 2.

The EFF has 2× as many CPUs as in 2012 + 4 PB of disk.
Running Hlt1 and Hlt2 asynchronously leverages these
resources to provide more than 5× the processing power.
Extending Hlt1 tracking and introducing more sophisticated
trigger lines increases efficiencies and reduces biases.
By working harder and smarter, we can run almost the
complete offline reconstruction in Hlt2. This allows us to
trigger higher L more efficiently and more selectively.

Eliminating the L0 hardware trigger in Run 3 opens the possibility of
increasing open charm trigger efficiencies another 10× while
examining 5× greater luminosity. Project more than 20 billion CF
charm and 5 million tagged, WS Kπ reconstructed decays per year.
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